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SUMMARY 
V-grooved GaAs s o l a r  c e l l s  promise t h e  b e n e f i t s  o f  improved o p t i c a l  
c o u p l i n g ,  h i g h e r  s h o r t - c i r c u i t  c u r r e n t ,  and i n c r e a s e d  t o l e r a n c e  to  p a r t i c l e  
r a d i a t i o n  compared t o  p l a n a r  c e l l s .  
by  e t c h i n g  a V-groove p a t t e r n  i n t o  an n e p i l a y e r  ( 2 . 1 ~ 1 0 ~ ~  ~ m - ~ )  grown by  
MOCVD on an n+ s u b s t r a t e  ( 2 . 8 ~ 1 0 ~ 8  cm-3) and t h e n  d e p o s i t i n g  an MOCVD 
e p i l a y e r  ( 4 . 2 ~ 1 0 ~ 8  cm-3). R e f l e c t i v i t y  measurements on c e l l s  w i t h  and w i t h o u t  
an a n t i r e f l e c t i v e  c o a t i n g  c o n f i r m  t h e  expec ted  decrease i n  r e l u c t a n c e  of t h e  
mic rogrooved c e l l  compared to t h e  p l a n a r  s t r u c t u r e .  The s h o r t  c i r c u i t  c u r r e n t  
of the V-grooved s o l a r  c e l l  was 13 p e r c e n t  h i g h e r  t h a n  t h a t  o f  t h e  p l a n a r  
c o n t r o l .  






G e o m e t r i c a l l y  s t r u c t u r e d  s u r f a c e s  have become i n c r e a s i n g l y  i m p o r t a n t  i n  
r a i s i n g  t h e  e f f i c i e n c y  o f  s i l i c o n  c e l l s  ( r e f s .  1 and 2 ) .  S i m i l a r  b e n e f i t s  a r e  
a n t i c i p a t e d  i n  GaAs solar c e l l s  i n c l u d i n g  reduced r e f l e c t a n c e ,  o b l i q u e  passage 
of l i g h t  through t he  c e l l ,  and l i g h t  t r a p p i n g .  The n e t  e f f e c t  o f  t h e  m i c r o -  
grooved s t r u c t u r e  i s  an i n c r e a s e  i n  t o t a l  a b s o r p t i v i t y ,  r a d i a t i o n  t o l e r a n c e ,  
and s h o r t - c i r c u i t  c u r r e n t  o f  t h e  s o l a r  c e l l .  
A n i s o t r o p i c  wet chemical  e t c h i n g  has been shown t o  p r o v i d e  a s i m p l e ,  
i n e x p e n s i v e  method f o r  f a b r i c a t i n g  s t r u c t u r e s  w i t h  l e s s  t h a n  2 pm spac ings  
( r e f .  3 ) .  I n  p r e v i o u s  work we demonstrated GaAs and AlGaAs MOCVD g r o w t h  on  
V-grooved s u r f a c e s  ( r e f s .  3 and 4 ) .  A n i s o t r o p i c  e t c h i n g  i n  GaAs i s  more 
c o m p l i c a t e d  t h a n  on s i l i c o n  due to  t h e  p o l a r  n a t u r e  o f  t h e  l a t t i c e  ( r e f .  5), 
t h u s  c a r e f u l  o r i e n t a t i o n  o f  t h e  photo1 i t h o g r a p h i c  mask i s  r e q u i r e d  ( r e f .  6). 
F i g u r e  1 shows a r e p r e s e n t a t i v e  s o l a r  c e l l  s t r u c t u r e .  
V-GROOVE FABRICATION 
S u b s t r a t e s  f o r  t h e  c e l l  f a b r i c a t i o n  were (100)  n 
Pr ior  t o  t h e  c a r r i e r  c o n c e n t r a t i o n  o f  2 . 8 ~ 1 0 ~ ~  ~ m - ~ .  
* N a t i o n a l  Research Counci 1 - NASA Research Assoc 
t y p e  w a f e r s  w i t h  a 
V-groove e t c h i n g  process ,  
a t e .  
t h e  s u b s t r a t e  was loaded as r e c e i v e d  from t h e  s u p p l i e r  i n t o  t h e  MOCVD r e a c t o r  
and s u b j e c t e d  t o  a h i g h  tempera ture  bake under a H2 and AsH3 ambient .  Follow- 
i n g  t h e  bake and e p i t a x i a l  n base l a y e r  o f  4 .5  pm t h i c k n e s s  w i t h  d o p i n g  
2 . 1 ~ 1 0 1 7  cm-3 was grown. 
The process  o f  e t c h i n g  V-grooves i n  t h e  n base e p i l a y e r  c o n s i s t s  o f  t h e  
f i r s t  masking t h e  s u r f a c e  w i t h  a p h o t o r e s i s t  p a t t e r n  o f  p a r a l l e l  4 pm l i n e s  and 
3 pm spaces, a l i g n e d  i n  t h e  (017) d i r e c t i o n .  
t r o n  mic rograph o f  t h e  s u r f a c e  a f t e r  t h e  p h o t o r e s i s t  s t e p .  Next  t h e  grooves 
were e tched u s i n g  t h e  H2S04:H202:H20 Caros e t c h a n t  ( r e f .  7 )  i n  t h e  r a t i o  of 
5 : l : l .  F u r t h e r  d e t a i l s  on  t h e  e t c h i n g  process  a r e  d i s c u s s e d  i n  r e f e r e n c e  3.  
F i g u r e  3 shows t h e  grooves formed by  e t c h i n g  f o r  150 sec i n  t h e  Caros e t c h a n t  
a t  24 "C. The m i c r o g r a p h  i n  F i g u r e  4 shows t h e  r e s u l t a n t  V-grooved s t r u c t u r e  
a f t e r  removal  o f  t h e  p h o t o r e s i s t .  
F i g u r e  2 shows a scann ing  e l e c -  
R e f l e c t a n c e  o f  t h e  V-grooved s u b s t r a t e  a f t e r  AR c o a t i n g  was measured on 
a Perk in-Elmer Lambda 9 u v / v i s / n i r  s p e c t r o p h o t o m e t e r .  A compar ison o f  t h e  
r e f l e c t a n c e  o f  t h e  V-grooved s u r f a c e  w i t h  a p l a n a r  sample shows t h e  expec ted  
r e d u c t i o n  i n  r e f l e c t i v i t y  o v e r  t h e  s p e c t r a l  range o f  i n t e r e s t  f o r  t h e  m i c r o -  
grooved s t r u c t u r e .  F i g u r e  5 shows t h e  r e f l e c t i v i t y  as a f u n c t i o n  of wave- 
l e n g t h  from 400 to  900 nm. 
To r e a c h  l i m i t  e f f i c i e n c i e s  on  v e r y  t h i n  m a t e r i a l ,  f u t u r e  GaAs s o l a r  
c e l l s  may need t o  i n c o r p o r a t e  g e o m e t r i c a l  l i g h t - t r a p p i n g  s t r u c t u r e s .  To demon- 
s t r a t e  t h e  f e a s i b i l i t y  o f  f o r m i n g  o p t i c a l  con f inement  s t r u c t u r e s  on  GaAs, we 
f a b r i c a t e d  a c ross-grooved s t r u c t u r e  ( r e f .  2 ) ,  where V-grooves a r e  fo rmed on 
b o t h  f r o n t  and back s i d e s  o f  t h e  w a f e r ,  w i t h  t h e  back-s ide  grooves perpend icu-  
l a r  t o  t h e  f r o n t  g rooves .  T h e o r e t i c a l  a n a l y s i s  shows t h i s  s t r u c t u r e  t o  be 
h i g h l y  e f f e c t i v e  i n  i n c r e a s i n g  t h e  o p t i c a l  p a t h l e n g t h  w i t h  the m a t e r i a l  
( r e f .  8 ) .  Tab le  I shows t h e  e x p e r i m e n t a l  i n c r e a s e  i n  a b s o r p t i o n  measured for 
weakly  absorbed (950 nm) l i g h t  f o r  t h e  c ross-grooved s t r u c t u r e  compared w i t h  
s p e c u l a r  ( p o l i s h e d  b o t h  s i d e s )  and l a m b e r t i a n  ( p o l i s h e d  f r o n t ,  roughened back)  
samples from t h e  same w a f e r .  The samples had no  AR c o a t i n g  or back sur face  
r e f l e c t o r .  A b s o r p t i o n  by  t h e  c ross-grooved s t r u c t u r e  has been enhanced b y  
n e a r l y  a f a c t o r  o f  seven compared t o  t h e  p l a n a r  c o n t r o l .  
CELL FABRICATION 
The a c t i v e  c e l l  l a y e r s  w e r e  e p i t a x i a l l y  grown i n  a h o r i z o n t a l ,  c o l d  w a l l ,  
sub-atmospher ic p r e s s u r e  MOCVD r e a c t o r .  Growth t e m p e r a t u r e  was 620 "C;  t h e  
V / I I I  r a t i o  was 46; t h e  dopant  was a 500 ppm m i x t u r e  o f  H2S i n  UHP H 2 ;  and t h e  
chamber p r e s s u r e  was 100 t o r r .  A t h i n  b u f f e r  l a y e r  was f i rs t  d e p o s i t e d  and 
t h e n  a t h i c k  n base l a y e r  was grown w i t h  a c a r r i e r  c o n c e n t r a t i o n  o f  
2 . 1 ~ 1 0 1 7  cm-3. 
The e m i t t e r  g rowth  was a g a i n  preceded by  a h i g h  tempera ture  bake under  a 
H2 and AsH3 ambien t .  
and DEZn was t h e  p dopant .  A l l  o t h e r  r e a c t o r  parameters were i d e n t i c a l  t o  
t h e  base d e p o s i t i o n .  A 0.1 pm t h i c k  p e p i l a y e r  w i t h  a c a r r i e r  c o n c e n t r a t i o n  
o f  4 . 2 ~ 1 0 ~ 8  cm -3 was grown on t h e  V-grooves. 
l a y e r  g rowth  on  t h e  V-grooves. 
t h e  b o t t o m  t o  t h e  t o p  o f  t h e  groove.  
The V-grooves were o r i e n t e d  p a r a l l e l  t o  t h e  gas flow 
F i g u r e  6 i l l u s t r a t e s  t h e  e p i -  
The e p i l a y e r  t h i c k n e s s  v a r i e s  s l i g h t l y  from 
2 
E-beam evapora ted  Au-Zn c o n t a c t s  were a p p l i e d  a t  a s l i g h t  a n g l e  t o  t h e  grooves 
i n  t h e  p e m i t t e r .  Au-Ge-Ni c o n t a c t s  were u t i l i z e d  on t h e  n base. The as 
d e p o s i t e d  c o n t a c t s  were ohmic and no subsequent s i n t e r i n g  was r e q u i r e d .  
ANALYSIS 
The p l a n a r  and V-groove c e l l s  which a r e  compared were f a b r i c a t e d  s i m u l t a -  
neous ly .  However, t h e  MOCVD g rowth  r a t e s  a r e  s l i g h t l y  d i f f e r e n t  on t h e  (100)  
and t h e  (111) c r y s t a l l o g r a p h i c  p l a n e s .  We e x p e c t  an u n c e r t a i n t y  of  a few 
p e r c e n t  due t o  t h i s  v a r i a t i o n  i n  f a b r i c a t i o n .  V-grooved s u r f a c e s  appear more 
s u s c e p t i b l e  t o  i m p e r f e c t i o n s  i n  t h e i r  s t r u c t u r e ,  p o s s i b l y  due t o  t h e  more 
e x t e n s i v e  p r o c e s s i n g  necessary  t o  produce a V-groove s o l a r  c e l l .  
l a r g e  a rea  g r i d  f i n g e r  c o n t a c t s  on o u r  V-grooved s t r u c t u r e s  have o f t e n  tended 
t o  c r e a t e  a shunt  p a t h  from t h e  e m i t t e r  t o  t h e  base, e f f e c t i n g  t h e  open c i r c u i t  
v o l t a g e  o f  o u r  c e l l s .  Consequent ly ,  o u r  b e s t  V has o n l y  approached 800 mV. 
I n  c o n t r a s t ,  most o f  t h e  smal l  a rea  t e s t  d iodes  (40 by  40 pm) l o c a t e d  around 
each o f  o u r  s o l a r  c e l l s  do n o t  e x h i b i t  s h u n t i n g .  T h i s  i s  an i n d i c a t i o n  t h a t  
w i t h  o p t i m i z e d  p rocess ing ,  we w i l l  be a b l e  t o  a v o i d  t h i s  s h u n t i n g  prob lem i n  
o u r  l a r g e r  a rea  f r o n t  c o n t r a c t s .  
As a r e s u l t ,  
Examinat ion  o f  t h e  d a r k  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  o f  t h e  t e s t  
d iodes  has r e v e a l e d  t h a t  a r e v e r s e  s a t u r a t i o n  c u r r e n t  d e n s i t y  (Jo> o f  about  
l x l O - l 8  A/cm2 ( t o t a l  a rea )  i s  r e a d i l y  a c h i e v a b l e  w i t h  these  s o l a r  c e l l s ,  assum- 
i n g  a d i o d e  i d e a l i t y  f a c t o r  of one. We have a l r e a d y  been a b l e  t o  a t t a i n  a 
s h o r t  c i r c u i t  c u r r e n t  d e n s i t y  o f  27.5 mA/cm2, w i t h  Ta205 as t h e  AR c o a t i n g ,  
w i t h  o u r  V-grooved s o l a r  c e l l s .  The t h i c k n e s s  o f  t h e  AR c o a t i n g  has n o t  been 
o p t i m i z e d .  T h i s  r e p r e s e n t s  a 13 p e r c e n t  i n c r e a s e  o v e r  t h e  comparable p l a n a r  
c e l l .  T h i s  w i t h  t h e  Jo v a l u e  c i t e d  above t r a n s l a t e s  t o  a Voc o f  about  
980 mV. The c u r r e n t  s o l a r  c e l l  s t r u c t u r e  w i t h  t h e  i n c r e a s e d  V-grooved a r e a  
does n o t  appear t o  e f f e c t  t h e  open c i r c u i t  v o l t a g e  o f  these  c e l l s  s i g n i f i -  
c a n t l y .  
V-groove c e l l s .  
F i g u r e  7 shows t h e  quantum e f f i c i e n c y  compar ison for  t h e  p l a n a r  and 
CONCLUSIONS 
The work p r e s e n t e d  demonstrates t h e  f e a s i  b i  1 i t y  and p o t e n t i a l  f o r  
V-grooved GaAs s o l a r  c e l l s .  The V-grooved geometry p e r m i t s  u t i l i z a t i o n  o f  
advantageous o p t i c a l  c h a r a c t e r i s t i c s  w h i l e  m a i n t a i n i n g  t h e  b e s t  e l e c t r o n i c  and 
m a t e r i a l s  p r o p e r t i e s  o f  MOCVD grown GaAs s o l a r  c e l l s .  
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FIGURE 1. - SCHEMATIC OF V-GROOVE GEOMETRY GALLIUM ARSENIDE SOLAR 
CELL (NOT TO SCALE). 
FIGURE 2. - SEM MICROGRAPH OF PHOTO-RESIST PATTERN 
ON GaAs BASE EPILAYER. 
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FIGURE 3. - MICROGRAPH AFTER 150s ETCH I N  CAROS F IGURE 4. - MICROGRAPH OF V-GROOVED GaAs  SURFACE 
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FIGURE 5. - R E F L E C T I V I T Y  VERSUS WAVELENGTH FOR PLANAR AND 
V-GROOVED GaAs  (AFTER AR COATING) .  
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FIGURE 6. - MICROGRAPH OF CLEAVED CROSS-SECTION 
OF EPITAXIAL p-n JUNCTION ON V-GROOVED GaAs 
SURFACE. 
V-GROOVE CELL w/AR 
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FIGURE 7. - QUANTUM EFFICIENCY AS A FUNCTION OF WAVELENGTH 
FOR THE V-GROOVE AND PLANAR CELL WITH AND WITHOUT AN AR 
COAT I NG . 
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